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A greenhouse pot experiment was conducted in Western Greece in order to evaluate the effect of different 
nitrogen rates on the development of the root system and productivity of chia (Salvia hispanica L.) plant. The 
experiment followed a completely randomized design (CRD), with six treatments, different rates of applied 
nitrogen (0, 25, 50, 75, 100 and 125 kg ha-1 equivalent to 0, 134, 268, 402, 536 and 670 mg nitrogen pot-1). The 
results of this study showed that root length density (RLD) and root mass density (RMD) increased with the 
increased rate of applied nitrogen and the highest values (1.297 cm cm-3 and 1.178 mg cm-3, respectively) were 
found after the application of 670 mg nitrogen pot-1 at 100 days after sowing (DAS). Plant height (106.06 cm) and 
leaf area per plant (883.14 cm2) were significantly affected by the highest rate of nitrogen. Additionally, dry 
matter and seed yield per plant were clearly affected by fertilization, with the highest values (27.57 g and 4.20 g, 
respectively) obtained in plants treated with 670 mg nitrogen pot-1. In conclusion, increasing the levels of applied 
nitrogen up to 670 mg N pot-1 improves root development and therefore the yields of chia. 
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INTRODUCTION 
The growing concern in modern society about maintaining a healthy diet has 
contributed to an increase in the demand for foods that are high in nutrients and, 
as a result, contain higher levels of beneficial substances to the organism. Chia 
(Salvia hispanica L.; Lamiaceae family) is an ancient Central American crop that 
has recently been promoted as a functional food due to its high polyunsaturated 
fatty acid content, as well as high levels of omega-3, linoleic acid, antioxidant 
compounds, and high protein and dietary fiber contents (Ixtaina et al., 2008). 
Furthermore, the seeds do not contain gluten, making chia an important 
alternative to incorporate into the diets (Bueno et al., 2010; Bordin-Rodrigues et 
al., 2021). In Europe, the use of chia for human consumption has been approved 
by the European Parliament and the European Council in accordance with 
Directive 2009/827/EC (European Commission, 2009). Understanding the 
factors that influence root development is critical for optimizing nutrient cycling 
in soil-plant systems. Roots are critical in providing crop plants with water, 
nutrients, and hormones, as well as mechanical support (Merrill et al., 2002; Goss 
and Kay, 2005) The root system contributes nearly 10-20% of total plant weight, 
and a well-developed root system is essential for healthy plant growth and 
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development (Kakabouki et al., 2019). Root growth is genetically determined, but it is also affected by a variety of 
chemical, physical, and biological factors, particularly those parameters that are closely related to the availability of 
oxygen and water to the roots, as well as any mechanical impedance that the roots face during the growth period 
(Gregory, 1994). 
 Mineral nutrition is a significant factor influencing plant root growth, but detailed information on nutritional 
effects is limited, owing to the fact that roots are half-hidden organs that are difficult to separate from the soil 
(Gregory, 1994; Goss and Kay, 2005). Fertilization has a similar effect on root growth as it does on shoot growth; 
however, the magnitude of the effect may differ. Root and shoot growth in crop plants appear to be coordinated, 
and thus their activities are mutually dependent (Goss and Kay, 2005; Sainju et al., 2005). Nitrogen is one of the 
most important nutrients in crop production, and a lack of it in crop plants has a significant impact on plant growth-
development and yield. Nitrogen fertilization, in general, can promote root growth by increasing soil nitrogen 
availability and improving crop performance and nitrogen use efficiency (Kakabouki et al., 2018). Furthermore, 
nitrogen increases the production of lateral roots and root hairs, as well as the density of root length in the soil 
profile (Hansson and Andren, 1987). 
 Proper fertilization is important both economically and environmentally because minimizing nutrient loss to the 
environment decreases costs and increases productivity. Thus, it is important to understand more about chia, 
especially to adequate fertilization. Chia grows well in soils with a good amount of nutrients, whereas a low nitrogen 
content in the soil appears to significantly reduce yield (Coates, 2011). Crop requirements for nitrogen fertilization 
vary depending on the climatic variables of each region, so more research is needed to determine a recommended 
dose for chia. Fertilization has been carried out with approximately 15-45 kg ha-1 of nitrogen in Argentina, while 
doses of 68 kg ha-1 of nitrogen applied at sowing have been reported in Mexico (Ayerza and Coates, 2005). Since the 
literature shows great variability in yields depending on the climatic conditions of each region, there is a knowledge 
gap for implementing its cultivation in Greece. Therefore, this study aims to evaluate the effect of different nitrogen 
rates on the development of the root system, growth performance, and productivity of chia plant. 
 
MATERIALS AND METHODS 
A greenhouse pot experiment was set up in Western Greece (Agrinio region, Latitude: 38 35 N, Longitude: 21 
25 E, 58 m from the sea surface) from April to August 2015. The experiment was conducted in a completely 
randomized design (CRD) consisting of six rates of applied nitrogen (N: 0, 25, 50, 75, 100, and 125 kg ha-1 equivalent 
to 0, 134, 268, 402, 536, and 670 mg nitrogen pot-1) and each treatment was repeated thirty times. Nitrogen fertilizer 
was applied as urea in the soil at the desired rates before the sowing of seeds in pots. Each pot contained 12 kg of a 
soil substrate consisting of one volume of silt loam soil, one volume of peat, and one volume of perlite. The 
physicochemical properties of soil substrate are presented in Table 1.  
 




Soil, peat and perlite (1:1:1) 
 
Soil type Silt loam (24.7% clay, 61.6% silt, 13.8% sand) 
pH (1:2 H2O) 7.6 
Organic matter 0.58 (%) 
CaCO3 15.76 (%) 
Total N 0.154 (%) 
P (Olsen) 18.6 (mg kg-1) 
K 582 (mg kg-1) 
Na+ 104 (mg kg-1) 
 
Five seeds were sown in each plastic pot on 2nd April 2015, and seedlings were thinned to one plant per pot after 
emergence, which was on 10th April 2015. The plants were irrigated as required. The greenhouse conditions 
(temperatures, sunshine and water) remained the same for all pots throughout the experiment duration. 
Minimum/maximum air temperature and relative humidity were 15/38C and 40/65%, respectively, and the plants 
were subjected to a natural day length ranging between 10-13 h during the experiment. 
 The plant growth-development was determined by measuring height, dry matter, and leaf area per plant at 100 
days after sowing (DAS) on five randomly selected plants from each treatment. Dry weight per plant was 
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determined after oven-drying for 48 h at 65C. Leaf area was measured by using an automatic leaf area meter (Delta-
T Devices Ltd., Burwell, Cambridge, UK). 
Root samples were collected and analyzed at 30, 45, 60, 75, 100, and 115 DAS using three randomly selected 
plants from each treatment. For each sample, the roots were separated from the soil after being soaked in a solution 
of water + (NaPO3)6 + Na2CO3 for 24 h and then decanted into a 0.1% trypan blue FAA staining solution (a mixture 
of 10% formalin, 50% ethanol and 5% acetic acid solutions). For the determination of root length density (RLD), 
the root samples were placed on a high-resolution scanner (Epson Perfection V330 Photo; Seiko Epson Corp., 
Nagano-ken, Japan) using DT software (Delta-T Scan version 2.04; Delta-T Devices Ltd, Burwell, Cambridge, UK) 
(Kokko et al., 1993). The root mass density (RMD) was determined after drying for 48 h at 70C. In addition, five 
randomly selected plants were used at harvest time (134 DAS) in order to de termine seed yield per plant and 
thousand seed weight. 
The experimental data were subjected to statistical analysis using the SigmaPlot 12 statistical software (Systat 
Software Inc., San Jose, CA, USA) according to the completely randomized design (CRD). Values were compared by 
one-way analysis of variance (ANOVA) and differences between means were separated using the Fisher’s Least 
Significant Difference (LSD) test. Simple regression analysis was carried out to estimate the correlation levels 
between the studied variables. All comparison were made at the 5% level of significance (p  0.05). 
 
RESULTS AND DISCUSSIONS 
Increased crop yields necessitate the development of robust root systems. In order to absorb enough amounts 
of water and nutrients, especially under biotic or abiotic stress, a well-developed root system is needed. Root growth 
and distribution are critical factors for water and nutrient absorption from the soil profile (Fageria and dos Santos, 
2013; Kakabouki et al., 2019). In the present study, root growth is measured as root length density (RLD) and the 
changes in this trait are presented in Figure 1. The nitrogen treatments had a statistically significant difference 
between them, from 45 to 115 days after sowing (DAS). At 30 DAS, no treatment was statistically significant. The 
N0 treatment had the lowest value of RLD in all measurements from 30 to 115 DAS, and the N125 treatment had 
the highest values from the first to the last measurement (Figure 1). During the experiment, the highest RLD value 
(1.297 cm cm-3) was achieved in N125 treatment at 100 DAS (the end of anthesis and beginning of fruit 
development). Up to 100 DAS, there was an increase in RLD; however, at 115 DAS (physiological maturity), there 
was a small decrease in all treatments (Figure 1). This is in accordance with several studies observed that variations 




Figure 1. Effect of different nitrogen rates on root length density (RLD) of chia. N0: 0 mg nitrogen pot-
1, N25: 134 mg pot-1, N50: 268 mg pot-1, N75: 402 mg pot-1, N100: 536 mg pot-1, and N125: 670 mg pot-
1. Vertical lines represent standard mean errors. Different lower-case letters denote a statistically 
significant difference between treatments according to the Fisher’s LSD test (p  0.05). 
 
In root mass density (RMD) changes, which are shown in the Figure 2, no treatment was statistically significant 
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treatment had the lowest values in all measurements of RMD, while the highest values were found in N115 
treatment. The highest RMD value (1.178 mg cm-3) was achieved in N125 treatment at 100 DAS. In general, root 
mass density followed a similar trend as root length density, presenting an increasing trend from 30 to 100 DAS and 
then there was a declining trend in all levels of nitrogen at 115 DAS (Figure 2). According to Gregory (1994), adding 
nitrogen fertilizer to the soil increased root mass density and root length density considerably. In addition, several 
authors have discovered that fertilization and irrigation are key variables for root growth during the first six weeks 
of plant development (Pavlista et al., 2012; Kakabouki et al., 2020). This is also evident in the figures above, as all 
root properties increased practically linearly within the first 45 DAS (Figure 1 and Figure 2). 
 
 
Figure 2. Effect of different nitrogen rates on root mass density (RMD) of chia. N0: 0 mg nitrogen pot-
1, N25: 134 mg pot-1, N50: 268 mg pot-1, N75: 402 mg pot-1, N100: 536 mg pot-1, and N125: 670 mg pot-
1. Vertical lines represent standard mean errors. Different lower-case letters denote a statistically 
significant difference between treatments according to the Fisher’s LSD test (p  0.05). 
 
In the present study, there was positive correlation between the roots and the agronomic characteristics (Table 
3). Specifically, root length density and root mass density were positively correlated with the plant height (r = 
0.9510, p < 0.001; r = 0.9484, p < 0.001, respectively), the leaf area (r = 0.9398, p < 0.001; r = 0.9406, p < 0.001, 
respectively), the dry matter (r = 0.9883, p < 0.001; r = 0.9905, p < 0.001, respectively), the seed yield (r = 0.9858, p 
< 0.001; r = 0.9846, p < 0.001, respectively) and with the thousand seed weight (r = 0.6466, p = 0.023; r = 0.6508, p 
= 0.022, respectively) (Table 3). Several studies have found that root system characteristics are related to higher 
plant growth and yield (Thangaraj et al., 1990; Den Herder et al., 2010; Kakabouki et al., 2019). Moreover, there was 
positive correlation among root characteristics. Therefore, root length density was strongly and positively 
correlated with root mass density (r = 0.9996, p < 0.001) (Table 3).  
Plant height increased linearly with the increasing rate of nitrogen fertilizer. In particular, the highest plant 
height was achieved in the N125 treatment (106.06 cm), while the lowest value (79.67 cm) was obtained from the 
control treatment (N0). These results are in line with those of Souza and Chaves (2017), who reported that 
increased height of chia plants with increased nitrogen levels was primarily due to nitrogen's role in stimulating 
metabolic activity, which contributed to an increase in the total amount of metabolites, resulting in internode 
elongation and increased plant height by increasing nitrogen levels. In addition, a positive and significant 
correlation between plant height and dry weight was found (r = 0.9103, p < 0.001). 
The effect of nitrogen fertilization on leaf area per plant was also significant, with the highest value (883.14 cm2) 
observed in N125 treatment, confirming the positive response of chia plant to inorganic nitrogen fertilization 
(Coates and Ayerza, 1996; Bochicchio et al., 2015). In general, supply with higher nitrogen rates leads to higher leaf 
area, which, subsequently, results in greater absorption of light and further carbon fixation (Field and Mooney, 
1986). Concerning plant dry matter, the influence of the different rates of nitrogen fertilization was found to be 
statistically significant. The highest mean dry matter per plant (27.57 g) was obtained in the N125 treatment with 
6.88 g weight advantage over the untreated plants. The next highest mean dry matter per plant (25.72 g) was 
obtained from N100 treatment, while the lowest value (20.69 g) was obtained from the control treatment (N0). 
Bochicchio et al. (2015) and Souza and Chaves (2017) had demonstrated a positive impact of nitrogen fertilization 
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the leaf area, combined with the higher nitrogen levels in the N125 treatment resulted in higher rates of 
photosynthesis and thus the highest dry weight. The high correlation coefficient between plant dry weight and the 
leaf area of the chia plant (r = 0.9274, p < 0.001) (Table 3) supports this relationship. 
 
Table 2. Effect of different nitrogen rates on the agronomic characteristics and yield of chia 
Nitrogen Rates 










N0 79.67 d 703.36 d 20.69 e 3.17 e 1.076 a 
N25 85.82 cd 755.49 cd 22.10 d 3.47 d 1.084 a 
N50 87.64 c 780.15 c 23.27 cd 3.69 c 1.236 a 
N75 93.25 bc 812.94 bc 24.16 c 3.82 bc 1.243 a 
N100 97.10 b 847.45 ab 25.72 b 3.96 b 1.255 a 
N125 106.06 a 883.14 a 27.57 a 4.20 a 1.260 a 
FNitrogen 18.09** 15.01** 47.48*** 42.59*** 2.49ns 
Note: N0: 0 mg nitrogen pot-1, N25: 134 mg pot-1, N50: 268 mg pot-1, N75: 402 mg pot-1, N100: 536 mg pot-1, and N125: 670 mg pot-1. F-test ratios 
are from ANOVA. Significant at *, ** and *** indicate significance at p = 0.05, 0.01 and 0.001, respectively, and ns: not significant. Different lower-
case letters within the columns denote a statistically significant difference between treatments according to the Fisher’s LSD test (p  0.05). 
 
According to the analysis of variance (Table 2), seed yield per plant was significantly influenced by the nitrogen 
fertilization. The highest value was 4.20 g per plant in the N125 treatment and the lowest was 3.17 per plant in the 
N0 (control). The results of our study revealed that plant seed yield was positively and linearly affected by the 
increase in nitrogen rates. This is line with Mary et al. (2018), and Sosa-Baldivia and Ruiz Ibarra (2018) who showed 
that the highest fertilizer (90 and 100 kg N ha-1, respectively) resulted in significantly increased chia seed yields. 
The seed weight and yield are generally influenced by the good development of the leaf area. In our study, leaf area 
was found to be linearly related to seed yield per plant (r = 0.9483, p < 0.001). This was due to increased 
photosynthesis, that led to the increase in photosynthetic products, improving both the plant’s dry weight and seed 
yield (Kakabouki et al., 2019). 
Regarding the thousand seed weight, the analysis of variance revealed that the fertilization had no significant 
effect on this parameter (Table 2). However, the maximum thousand grain weight (1.260 g) was recorded after the 
application of N125 treatment, and followed by N100 and N75 treatment (1.255 g and 1.243 g, respectively). Even 
when yields increased, Bochicchio et al. (2015) observed neither improvement nor reduction in thousand kernel 
weights of chia due to nitrogen fertilization. The thousand seed weight is generally influenced by a wide range of 
factors such as variety, growing conditions, climatic factors, and soil properties. 
 
Table 3. Correlation coefficients between all the parameters determined in the study 
Property 
Coefficient of correlation 






Plant height Leaf area Dry matter Seed yield 
Root mass density 100 DAS 0.9996***      
Plant height 0.9510*** 0.9484***     
Leaf area 0.9398*** 0.9406*** 0.9103***    
Dry matter 0.9883*** 0.9905*** 0.9402*** 0.9274***   
Seed yield 0.9858*** 0.9846*** 0.9392*** 0.9483*** 0.9708***  
Thousand seed weight 0.6466* 0.6508* 0.6439* 0.7859** 0.6292* 0.6709* 
Note: Significance levels: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; ns, not significant (p > 0.05) 
Bulletin of University of Agricultural Sciences and Veterinary Medicine Cluj-Napoca. Horticulture                           145 
 
CONCLUSIONS 
The findings of the present study imply that the different rates of nitrogen fertilization influenced the 
development of root system, as well as the agronomic characteristics of chia plant. Specifically, root and agronomic 
characteristics were clearly affected by nitrogen fertilization, with the higher values obtained with the higher rate 
of nitrogen fertilization (125 kg N ha-1 equivalent to 670 mg nitrogen pot-1). Additionally, the maximum growth of 
the root system was found at the end of anthesis and the beginning of fruit development (100 DAS). In conclusion, 
increasing the levels of applied nitrogen up to 125 kg N ha-1 improves root development and therefore the yields of 
chia.  
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